SUMMARY Thin (100 urm) perpendicular slices of canine femoral condylar cartilage were placed horizontally on the stage of a Nachet microscope and viewed by transmitted light in the differential interference contrast mode. Each slice was held on the microscope stage by a loading rig and tested mechanically in compression. Measured loads to a maximum of -2-3 MN/M2 were applied to the end of the slice corresponding to the articular surface. Photographs were taken of the cartilage before and during loading, and the distance by which selected chondrocytes were displaced was used as an index of mechanical strain, i.e., of change in length/original length. Maximum strains were observed in the superficial cartilage zone. Minimum strains were recorded in the mid-zone, at a depth corresponding to -75% of the total cartilage thickness. The relative concentrations of cartilage collagen (COL) and proteoglycan (PG) were assessed by the light and electron microscopic histochemical study of cartilage sections taken from contiguous blocks. Superficial cartilage, which deformed most, had high concentrations of orientated COL fibres, low concentrations of PG. Mid-zone cartilage, which deformed least, had lower concentrations of randomly arrayed COL fibres but relatively high concentrations of PG.
Hyaline articular cartilage appears uniform and homogeneous and has unique mechanical properties that include high compression resistance. This property is determined by the retention of water within the domains of PG aggregates arranged within a gel reinforced with COL fibres. The physical properties of cartilage have been examined by many classical mechanical procedures.' Experiments have been made on whole joints,2 3 parts of disarticulated joints,4 and pieces of cartilage.
Tests have been made in tension and in compression, but most have not distinguished between the properties of different cartilage zones.
The apparent homogeneity of articular cartilage conceals remarkable molecular heterogeneity. It is useful to consider cartilage as a series of different zones, each with a distinct microscopic structure and varied composition. In the most simple analysis, articular cartilage can be said to comprise superficial, mid-, and deep zones.9 In a more sophisticated Accepted for publication 2 October 1987. Correspondence to Professor D L Gardner, Department of Histopathology, University Hospital of South Manchester, Nell Lane, Manchester M20 8LR, UK. approach, the number and morphology of the chondrocytes, the concentration of stainable PG, and the distribution of COL can be used to designate five zones10 (Table) .
It has always appeared probable that the mechanical properties of the different zones of articular cartilage would reflect this structural heterogeneity.
The aim of the present study was to examine this proposal, taking advantage of apparatus that permits the simultaneous microscopic observation and mechanical testing of articular cartilage samples. 12 Materials and methods
COLLECTION OF CARTILAGE
Six young mature male and female beagle dogs from a closed colony were killed by exsanguination under thiobarbitone anaesthesia. Each hind limb in turn was dissected in a closed chamber fitted with glove ports. The atmosphere inside the chamber was maintained at -95% relative humidity to minimise water loss from small tissue blocks during collection. The stifle (knee) joint was approached by an anterior incision through the patellar ligament. The patella was reflected proximally and the joint In a second pilot study specimens were mechanically tested in a variety of solutions, including saline, trometamol (TRIS) buffered saline, Eagle's balanced salt solution, and Krebs-Ringer bicarbonate buffer.
There were no detectable differences in mechanical behaviour between the specimens maintained in these different solutions. All subsequent tests were therefore performed in trometamol buffered saline. Contiguous sections were cut for light microscopy.
MECHANICAL TESTING APPARATUS (after Broomll 12)
The loading rig ( Fig. 1) consisted of an optical glass slide (G) to which four stainless steel, 100 tim thick spacers had been bonded by Glassbond resin (Locktite UK Ltd, Welwyn Garden City, Hertfordshire, England). A glass coverslip was attached to the top face of the spacers. Two 100 tm thick stainless steel plates, one -2-0x 10-0 mm (the anvil) and the other -10-Ox 10-0 mm (the base plate) could be positioned between the glass slide and the coverslip. The plates were retained laterally by the spacers. When a 100 jim section of tissue was inserted into the rig the tissue was located so that the articulating surface came into contact with the smaller of the two plates, the anvil (A). The Fig. 3 . The form of the data determined that they were not suitable for statistical analysis. The results can, however, be represented graphically as stressstrain curves. For each specimen stress-strain curves were plotted for the five horizontal layers. Fig. 4 (Fig. Sa, c , and e) electron dense products represent GAG-dye complexes. 14 The filaments correspond to partially collapsed PG monomers or PG aggregates, or both. The filaments are sparse in the cartilage matrix close to the articular surface ( (Fig. Sb) . A random collagenous array was seen in the mid-zones (Fig. 5d ), while below this there was a tendency to a radial array, with fibres running perpendicular to the surface (Fig. Sf) .
Discussion
The present results show that under the specific conditions of compressive loading used in this study, normal dog articular cartilage does not deform uniformly throughout its thickness: there is a variable response at different depths beneath the surface. It is shown that these variations in mechanical behaviour correspond to differences in composition.
In mechanical terms, articular cartilage can be considered as a fibre reinforced gel in which highly hydrated PG molecules are retained by, and interact with, a complex network of COL fibres. 17 The strong affinity of PG for water creates an internal swelling pressure, which places the COL under tension. This swelling pressure gives cartilage its compressive resistance. On application of a compressive load there is an immediate deformation due to rapid bulk movement of hydrated PG molecules, resisted by the COL fibre network. This is followed by a time dependent, viscoelastic (creep) response resulting from fluid flow away from the site of loading. Under plane strain conditions the instantaneous deformation of thin cartilage slices involves a reduction in width with a corresponding expansion laterally to maintain a constant volume. During the viscoelastic phase there is a further reduction in width together with a decrease in volume as fluid moves away from the site of loading.
In the present study the load was observed to decay (fall off) during the photographic time of 0 125 s. This decay, which occurs while the section is maintained at a constant width, is known as stress relaxation, and is primarily due to fluid movement. This relaxation is the topic of a further paper (in preparation). Thus 
